The 25 April 1992 magnitude 7.1 Cape Mendocino thrust earthquake demonstrated that the North America-Gorda plate boundary is seismogenic and illustrated hazards that could result from much larger earthquakes forecast for the Cascadia region. The shock occurred just north of the Mendocino Triple Junction and caused strong ground motion and moderate damage in the immediate area. Rupture initiated onshore at a depth of 10.5 kilometers and propagated up-dip and seaward. Slip on steep faults in the Gorda plate generated two magnitude 6.6 aftershocks on 26 April. The main shock did not produce surface rupture on land but caused coastal uplift and a tsunami. The emerging picture of seismicity and faulting at the triple junction suggests that the region is likely to continue experiencing significant seismicity.
On 25 April 1992 at 18:06 (UTC), a surface wave magnitude (Ms) 7.1 earthquake occurred near the town of Petrolia, California (Fig. 1) . The main shock was followed the next day by two MS 6.6 aftershocks at 07:41 and 11:41, located offshore about 25 km west-northwest of Petrolia. These three earthquakes and more than 2000 recorded aftershocks illuminated the configuration of the Mendocino Triple Junction, where the Pacific, North America, and southernmost Juan de Fuca (Gorda) plates meet. The occurrence of a M 7 earthquake is not unusual at the triple junction; over 60 earthquakes of Modified Mercalli intensity > VI (1) or M > 5.5 have occurred there since 1853 (2) . However, this earthquake sequence may have provided the first direct evidence of interplate seismicity and thus impacts regional hazard assessment. In this article, we describe geophysical and seismological observations and discuss implications for seismic hazards in the Pacific Northwest.
Damage estimates ranged from $48 mil-lion to $66 million and President Bush declared the region a major disaster area. Much of the damage resulted from the main shock; however, fires triggered by the first large aftershock destroyed most of the Scotia shopping district, and both large, off-shore aftershocks caused additional structural damage. The relatively low incidence of injuries and structural damage (Fig. 1) . Both of the two large aftershocks produced peak intensities of VIII, although the pattern was somewhat different from the main shock.
Tectonic Setting
The Cape Mendocino earthquakes are a response to ongoing plate motions between the Gorda, North America, and Pacific plates at the Mendocino Triple Junction. The Gorda plate is converging on the North America plate at about 2.5 to 3 cm/year in the direction N50WE to N550E (4). The seaward edge of Gorda plate subduction is marked by an abrupt change in sea-floor topography and by the western limit of the accretionary prism imaged in seismic reflection profiles (5) . Active folds and thrust faults in Franciscan Complex and Cenozoic rocks and sediments of the overriding North America plate are parallel to the seaward edge of the Cascadia subduction zone (6).
Rigid plate theory predicts oblique convergence of the Gorda plate with the Pacific plate at 5 cm/year in the direction N1 15VE (4). Translational motion occurs along the east-west-trending, vertical, right-lateral Mendocino transform fault, whereas the convergence results in internal deformation of the Gorda plate. The attendant Gorda plate seismicity recorded in the 17 years before the Cape Mendocino sequence (7, 8) (Fig. 2) (Fig. 3) . A focal mechanism determined by the inversion of teleseismic mantle Rayleigh waves and aftershock locations indicate nearly pure thrust motion on a N10TW-striking fault plane that dips 130 to the east-northeast (18) ( Table 1 ). The location of the hypocenter at the southeast end of the aftershock zone suggests that the fault ruptured unilaterally to the west (19) . Most aftershocks <12 km deep (Fig. 3 , circles) occurred within 10 km of the coast in a region bounded on the east by the mainshock epicenter, on the south by the Mendocino fault, and on the north by a westnorthwest trend of earthquakes. The location, depth, and orientation of the rupture plane are consistent with the absence of surface faulting onshore.
The two Ms 6.6 aftershocks were located 30 km west of the main shock at depths near 20 km, and their mechanisms indicate right-lateral, strike-slip motion on planes striking to the southeast (20) (Fig. 3 and Table 1 ). The slip plane of the first after- shock is unknown because of the paucity of aftershocks. However, the second aftershock was located within a trend of smaller aftershocks at depths of 14 to 30 km on a southeast-striking plane that dips about 800 to the southwest (Fig. 3B, cc') ; this orientation is consistent with the focal mechanism. The depths and mechanisms of the two large aftershocks provide evidence that rupture took place on faults in the Gorda plate, distinct from the main shock fault.
Although no large shocks ruptured the Mendocino fault during this sequence, many aftershocks occurred on the eastward projection of the fault (Fig. 3) . The aftershock activity was bounded on the south where the distribution of hypocenters is near vertical and extends to a depth of 25 km (Fig. 3B, bb' Source properties. The mechanism and location of the two aftershocks were similar, but the second aftershock exhibited a strong variation of amplitude with azimuth (Fig. 4) (Fig. 1) , and the peak accelerations were some of the highest ever recorded (22). Recordings of the main shock at Petrolia and Cape Mendocino (Fig. 5) (19) , although that study inferred that the rupture initiated offshore. A large, high-frequency pulse (Fig. 5, E2) 
s) ---------------------------
Coseismic displacement. The elastic strain released by the main shock caused significant horizontal and vertical deformation in the epicentral region. The main shock elevated about 25 km of the coast from 3 km south of Punta Gorda to Cape Mendocino (Fig. 6 ). Many intertidal organisms inhabiting rocky reefs perished in the 3 weeks after the main shock. Maximum uplift was 140 + 20 cm at Mussel Rock and 40 to 50 cm at the northernmost reef at Cape Mendocino (23). The lack of rocky intertidal environments farther north precluded the precise location of the northern limit of the uplift, but several near-shore rocks located about 7 km north of Cape Mendocino showed no evidence of uplift.
Coseismic horizontal and vertical site displacements in a regional geodetic network (Fig. 6) were determined from Global Positioning System (GPS) surveys in 1989, 1991, and 1 month after the main shock. The relative positions of most sites near the epicenter were measured shortly after the 17 August 1991 Honeydew earthquake [body wave magnitude (mb) 6 .0], which occurred 6 km south of the Cape Mendocino epicenter. The coseismic displacements were determined by comparison of the 1989 to 1992 observations, except in the vicinity of the Honeydew event where the 1991 survey was referenced. All displacements were corrected for secular strain accumulation estimated from Geodolite trilateration measurements made between 1981 and 1989. A site 13 km northeast of the epicenter had the largest measured coseismic displacement, moving 40 ± 2 cm to the westsouthwest and subsiding 16 ± 8 cm.
Our preferred uniform-slip fault model (24), estimated from the coseismic site displacements and coastal uplift observations, indicates 2.7 m of nearly pure thrust motion occurred on a gently dipping fault plane. This model, chosen from a suite of acceptable models (24), is consistent with the main shock focal mechanism, the hypocenter location, and the distribution of aftershocks ( Fig. 6 and Table 2 ). The range of geodetic moment inferred from the ac- (Fig. 7) (25) (Fig. 3) , suggesting that the main shock ruptured the Gorda-North America plate boundary. In contrast, the upper boundary of the pre-main shock seismicity, which is 7 km deeper than the main shock rupture plane (Figs. 2 and 3) , projects to the surface about 85 km west of the Cascadia subduction zone and thus does not appear to define the plate boundary. The seismicity gap between the slip plane of the main shock and the pre-main shock seismicity is about the same thickness as the Gorda crust and overlying accretionary sediments, as determined from refraction experiments 10 km east of the seaward edge of the subduction zone (26) . The gap may reflect a ductile subducted Gorda crust, and the inception of seismicity at a depth of 17 km may reflect brittle behavior of the Gorda upper mantle (27) . Tabor and Smith (28) reached a similar conclusion from their observations of seismicity and velocity structure of the Juan de Fuca plate beneath the Olympic peninsula of Washington.
However, an inversion for the threedimensional velocity structure of the region indicates that velocities typical of Gorda crust are evident at depths greater than 15 to 20 km (29) . Moreover thermal effects on the strength of the subducting oceanic lithosphere (30) suggests that the double seismic layers observed at depths of 20 and 30 km (Fig. 2) reflect, respectively, the brittle upper crust and upper mantle of the Gorda plate; the intervening, relatively aseismic region would correspond to the ductile lower crust. Consequently, these studies suggest that the Cape Mendocino main shock was an intraplate event in the North America plate. Whether the main shock was an inter-or intra-plate event, the Cape Mendocino main shock clearly relieved strain resulting from the relative Gorda-North America plate motion. We note, however, that the main shock ruptured a region of the plate boundary that differs considerably from the boundary farther north, as indicated by the change in its orientation from north-northwest to northwest (5), the relatively narrow width of the plate, the likely presence of subducted sediments in the region of main shock rupture, and its younger age (4). Thus, this earthquake may not be typical of other Cascadia subduction zone earthquakes.
Intraplate aftershocks. The location, depth, and focal mechanisms of the two large aftershocks indicate that they ruptured the Gorda plate. The seismic data indicate that right-lateral slip occurred on a vertical, northwest-oriented fault plane for at least the second event. For most earlier Gorda shocks, rupture occurred as leftlateral slip on a northeast-oriented plane, perhaps because this orientation may allow reactivation of normal faults formed at the Gorda spreading ridge (11) . From a consideration of stress release, either orientation reduces north-south compressional stress and down-dip tension in the Gorda plate, but rupture of the northwest-oriented plane may have been favored because of the static stress changes imposed by the main shock and, perhaps, the first aftershock.
To test this hypothesis, we modeled the changes in static stress (31) imposed by the main shock (Table 2 ) on three vertical fault planes: the east-west-oriented Mendocino fault, the possible N40E-oriented slip plane of the first large aftershock, and the N500W-oriented fault of the second large Gorda aftershock. Large regions of the northwest-oriented fault and the Mendocino fault received an increase in rightlateral shear stress greater than 3 bars and equally large increases in normal extension resulting from the main shock. Both the increase in right-lateral shear and the increased extension would bring both of these right-lateral faults closer to failure under a Coulomb failure criterion for nonzero coefficients of friction. About 90% of the aftershocks within 4 km of the Mendocino fault and the northwest Gorda fault occur where the modeling predicts the stress changes should load these faults toward failure for coefficients of friction ranging from 0.0 to 0.75. Thus, static stress changes may have helped trigger aftershocks along these two faults.
The model also indicates that static stress changes induced by the main shock are slightly more favorable for failure on a northeast-striking, left-lateral fault plane in the location of the first large aftershock.
primarily because of a decrease in normal stress. In consideration of the present relative hypocentral locations of the two large aftershocks, slip on the northeast-oriented plane of the first aftershock would have added minor left-lateral shear to the northwest-oriented plane of the second aftershock but would have greatly decreased the normal stress on this plane. This scenario provides a simple mechanism in which the first aftershock helped trigger the second, similar to the scenario proposed for the Elmore Ranch-Superstition Hills pair of earthquakes (32).
Hazard implications. The Cape Mendocino earthquake sequence provided seismological evidence that the relative motion between the North America and Gorda plates results in significant thrust earthquakes. In addition to the large ground motions generated by such shocks, they can trigger equally hazardous aftershock sequences offshore in the Gorda plate and on the Gorda-Pacific plate boundary. This sequence illustrates how a shallow thrust event, such as the one of moment magnitude (Mv) 8.5 that is forecast for the entire Cascadia subduction zone (14) , could generate a tsunami of greater amplitude than the Cape Mendocino main shock. Not only would this tsunami inundate communities along much of the Pacific Northwest coast within minutes of the main shock, but it could persist for 8 hours at some locales. The 25 April 1992 main shock ruptured only a small part of the plate boundary and apparently did not trigger slip on any of the Holocene shallow thrust faults observed onshore in the triple junction region (17) . Thus, given the high level of historical seismicity and the emerging picture of many active faults, the region is likely to continue experiencing significant seismicity. OSMS 92-05 (1992). 23. Where colonies of organisms were completely killed, the vertical range of the organisms represents a minimum measure of the uplift. On some reefs, only the upper parts of some colonies of plants and sessile animals, such as mussels, died. The vertical extent of mortality in these colonies provided the best basis for estimates of the amount of uplift. The mean and standard deviation of the vertical extent of mortality for each colony (Fig. 6, inset) is estimated from multiple measurements made by a laser total station with an instrument precision of 1 mm. 24. We assumed that slip is uniform on a rectangular, planar fault embedded in an elastic half space. We performed a Monte Carlo search of the parameters describing the geometry of the fault plane and, for each geometry, used the horizontal and vertical GPS and coastal-uplift data to estimate the magnitude and rake of the slip vector. The scatter of the residuals for the best fitting models, including our preferred model (Table 2) , is 2.2 times the a priori observational errors. An F-ratio test indicates other models with residual scatter less than 2.6 times the a priori errors do not differ significantly from the best fitting models at the 95% confidence level.
